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Electrons bound to shallow donors in GaAs have orbital energy levels analogous to those of the
hydrogen atom. The polarization selection rules for optical transitions between the states analogous
to the 1s and 2p states of hydrogen in a magnetic field are verified using Terahertz (THz) radiation
from the UCSB Free Electron Laser. A polarization-selective coherent manipulation of the quantum
states is demonstrated and the relevance to quantum information processing schemes is discussed.
In recent years there has been great interest in low
dimensional semiconductors, motivated in large part
by the potential to implement quantum information
processing1,2,3 in a solid-state system4,5,6. The devel-
opment of methods for selectively addressing and coher-
ently manipulating such quantum systems is essential to
a successful implementation of any quantum information
scheme. In this work we describe verification of the se-
lection rules for orbital transitions of electrons bound to
shallow donors in GaAs and implementation of selective
coherent manipulations.
The energy levels of shallow donor-bound electrons can
be described by the Coulomb interaction between the
electron and the positive charge at the donor site, mod-
ified by the effective mass of the electron (0.0665 me)
and the dielectric constant of the material (12.56)7,8.
This leads to electron energy levels analogous to those
of the hydrogen atom, with a small correction for the
actual donor species, called the central cell correction
(0.110 meV for S donor)9. The orbital transitions are
in the TeraHertz (THz) frequency regime (a few meV).
In the presence of a magnetic field, additional free elec-
tron states arise, forming a continuum above each Lan-
dau level8. The hydrogenic states can be labelled with
the usual notation: 1s, 2p+, 2p−, etc.
The energy of the hydrogenic states can be tuned with
an applied magnetic field to bring orbital transitions into
resonance with fixed frequencies of radiation. Klaassen,
et al.8 and Stillman, et al.10, have used this technique
to perform spectroscopy experiments. To aid in identi-
fying excited states, they have assumed that transitions
are governed by the usual hydrogen atom dipole selec-
tion rules. However, these experiments have not included
control of the polarization state of the THz beam, and to
our knowledge no work has yet verified that the hydro-
gen selection rules remain valid for hydrogenic donors in
a semiconductor.
The hydrogen selection rules require a σ+-polarized
photon to conserve angular momentum and excite the
1s to 2p+ transition; σ−-polarization is required for 1s
to 2p−. Since the electron effective mass in GaAs is
isotropic, the selection rules for the bare hydrogen atom
might be expected to hold. However, symmetry in a semi-
conductor can easily be lost. In quantum dots, for ex-
ample, elongation of the dot along specific crystal planes
can break the dot symmetry and mix the polarization
eigenstates of excitons11. In this work, we first verify
the selection rules for the 1s to 2p± transitions by vary-
ing the polarization of the incident THz radiation. We
then utilize the rules to demonstrate a selective coherent
manipulation of orbital energy states.
The sample studied was grown by Molecular Beam
Epitaxy (MBE) with a 15-µm layer of unintentionally-
doped GaAs on top of a semi-insulating GaAs substrate.
The donor density is 2.8 × 1014 cm−3, determined by
measuring the Hall resistance, and sulfur is the domi-
nant impurity. A 200 nm silicon-doped capping layer was
grown on top of the sample to facilitate Ohmic contacts,
and was etched away from the active area of the sample
(50 × 50 µm2). All experiments were done with the
sample immersed in liquid helium at 1.5 K in a magne-
tooptical cryostat. At this temperature, the electrons are
initially in the ground state (1s). Electrons in bound ex-
cited states, which have an increased probability of ther-
mal excitation to the conduction band, are detected by
applying a 50 mV bias and measuring the transient pho-
toconductivity. The recapture of conduction band elec-
trons occurs much more rapidly than the repetition rate
of our laser (∼1 Hz), and so the electrons return to the
ground state before any subsequent excitation.
The UCSB Free Electron Laser (FEL) provides linearly
polarized THz radiation for our experiments. Three dif-
ferent THz frequencies in bands of low atmospheric ab-
sorption are used and the hydrogenic states are tuned
into resonance with the radiation using the magnetic
field. Fig. 1 shows the energy of the 1s and 2p states
as a function of magnetic field, as well as the lowest Lan-
dau levels.
Before illuminating the sample, the THz radiation is
reflected off a wire-grid polarizer (rotated by 45 degrees
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FIG. 1: The energy levels of the 1s and 2p hydrogenic states
and the lowest two Landau levels as a function of magnetic
field. The lowest Landau level at zero magnetic field has been
taken to be zero energy. The points are taken from the cal-
culations of Makado and McGill13 and are converted from
dimensionless units using constants given by Klaassen, et al.8
The central cell correction has been added following the work
of Heron, et al.9 The lines are drawn through the points.
with respect to the incident electric field) followed by a
mirror. The total reflected beam consists of two orthog-
onal, linearly-polarized components of equal amplitude,
with a phase delay controlled by the mirror-polarizer
spacing. Varying this spacing varies the polarization of
the light incident on the sample. The metal contacts on
the sample (identical to that used by Cole, et al.14) are
designed to minimize distortions of the incident polariza-
tion.
The output polarization state of the light is quantified
using the Stokes parameters: S0-S3. S0, S1 and S2 can
be determined from simple measurements of transmission
through an analyzer as measured with a polarization-
insensitive detector, in our case an InSb hot-electron
bolometer. The magnitude of S3 can be determined from
the relation
S20 = S
2
1 + S
2
2 + S
2
3
and the sign can be determined by knowing the spacing of
the mirror-polarizer combination with respect to a fixed
direction of linear polarization. The ratio S3/S0 is +1
for perfectly σ+-polarized light and -1 for perfectly σ−-
polarized light.
To verify the selection rules, the sample is illuminated
with a long (∼5 µs) pulse of THz radiation and the photo-
conductivity is plotted as a function of mirror-polarizer
spacing. The photoconductivity under long-pulse illu-
mination of this sample always shows a saturation-like
behavior as a function of intensity. See Fig. 2a for an
example. All data on selection rules is taken with suffi-
cient attenuation to be in the low-intensity quasi-linear
regime.
Fig. 2b-d shows the photocurrent as a function of
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FIG. 2: (a) Photocurrent versus relative intensity (varied
with crossed polarizers) of a 5-µs pulse of radiation at 1.07
THz. (b-d) Photocurrent as a function of micrometer spacing
(proportional to phase delay). Circles correspond to a field
oriented in the +z direction, triangles to -z. The size of the
symbols is chosen to represent the error bars. The solid and
dashed lines are fits to the data using a sine function. The
vertical cut lines indicate the polarization state of the light
(S3/S0) measured at that spacing. (b) The 1s to 2p
+ transi-
tion at 2.53 THz and B = 3.63 T. (c) The 1s to 2p+ transition
at 1.57 THz and B = 1.38 T. (d) The 1s to 2p− transition at
1.01 THz and B = 3.5 T.
3the mirror-polarizer spacing. As expected, the photocur-
rent varies with the spacing (polarization of the incident
light). The period of the variation in photocurrent is de-
termined by the change in mirror-polarizer spacing that
corresponds to a one-wavelength path-length difference.
To verify that the change in photocurrent is due only to
the selection rules, the experiment is repeated with the
magnetic field oriented in the +z (circles) and -z (trian-
gles) direction.
For Fig. 2b and 2c, the maximum photocurrent ob-
tained with the magnetic field in the +z direction (circles)
corresponds to σ+-polarized light, the expected handed-
ness for the 1s to 2p+ transition. For Fig. 2d, exciting the
2p− transition, the maximum photocurrent corresponds
to σ−-polarized light. For all three cases, it is clear that
the handedness of polarization that excites the transition
reverses when the static magnetic field is reversed (tri-
angles), in agreement with the hydrogen atom selection
rules. The sine curves fit to the data for the anti-parallel
directions of the magnetic field should have phases that
differ by pi. The measured phase differences in radians
are (b) 3.63, (c) 3.13 and (d) 3.57. Slight distortion of
the incident polarization (from the focusing element and
cryostat windows) is the most likely source of the offset
from zero photoconductivity. Near-resonant excitation
of other transitions may also be contributing. The differ-
ence in maximum signal for the two opposed directions
of the magnetic field is not understood.
The selection rules are now used to perform a selective
coherent state transition. By “selective transition” we
mean that a coherent manipulation (Rabi oscillation) of
the two-level quantum system is turned on or off by vary-
ing only the polarization state of the incident light. To
drive a Rabi oscillation, short, intense pulses of THz radi-
ation with a controllable pulse width are generated. The
short pulses are extracted from the high-intensity long-
pulse output of the UCSB FEL with laser-activated semi-
conductor switches.15,16 The switches are manufactured
from silicon and are activated by illumination with near-
infrared radiation across the band gap, which generates a
reflecting electron-hole plasma.17 Step-function-like acti-
vation of the switches is obtained with a very short (∼150
fs), intense (>1 mJ per switch) near-infrared pulse. The
switches are arranged in a reflection (the reflected light is
kept in the optical path) and transmission (the reflected
light is dumped) geometry. By varying the arrival of
the activation pulse at the reflection and transmission
switches, the width of the THz pulse is controlled.
No attenuation is used for the short pulse experiment
since coherent manipulations require strong coupling. A
“stroboscopic” measurement, in which the photocurrent
is plotted as a function of the pulse width, is performed to
get a map of the electron state population as a function
of time. This method was used by Cole, et al.14, who
first demonstrated a coherent manipulation of the orbital
states of hydrogenic donors.
Data showing a selective coherent manipulation be-
tween the 1s and 2p+ states is presented in Fig. 3. A
vertical offset has been added to separate the traces. The
upper trace was obtained using σ+-polarized light; at
pulse widths of about 15 ps excited electrons are being
driven back into the ground (1s) state before they can
ionize and so a decrease in the photocurrent is observed,
the signature of a Rabi oscillation. For horizontally-
polarized (pix) and vertically-polarized (piy) light, a Rabi
oscillation is still visible, but the period of the oscilla-
tion is longer (20-25 ps) since only half of the linearly-
polarized light couples in to the transition. Small er-
rors in the mirror-polarizer spacing probably caused the
difference in oscillation period between the horizontally-
and vertically-polarized data. When the polarization is
changed to σ − there is no evidence of a Rabi oscillation.
There is a shallow increase in photoconductivity, which
we attribute to a non-zero σ+ component of the polar-
ization arising from the coupling in to the cryostat, as
described above.
Information about the dynamics of the electrons can be
extracted from this data by fitting to a theoretical model.
The density-matrix equations of motion for a two-level
system are used, with damping processes added18. The
equations are
˙ρ11 =
1
2
iΩRσ12 −
1
2
iΩRσ21 + Γ1ρ22
˙ρ22 = −
1
2
iΩRσ12 +
1
2
iΩRσ21 − Γ1ρ22 − γ3ρ22
˙σ12 = −i(ω − ω0)σ12 +
1
2
iΩR(ρ11 − ρ22)− γ2σ12
where ρ11 and ρ22 are proportional to the populations of
the 1s and 2p+ states, respectively. σ12 and σ21(= σ
∗
12)
are related to the phase coherence of the ensemble and are
obtained by finding slowly-varying solutions in the rotat-
ing wave approximation. ΩR = eETHzx12/~ is the Rabi
frequency, with e the electric charge, ETHz the THz elec-
tric field amplitude, and x12 the dipole matrix element.
The damping terms are: Γ1, the rate of recombination
from the 2p+ to the 1s state (inverse lifetime); γ2, the
dephasing rate of the ensemble and γ3, the rate of ion-
ization from the 2p+ state into the conduction band. ω
is the frequency of the driving THz field and ω0 is the
resonant frequency for the transition.
This model is fit to the data under the assumption that
the driving field is on resonance (ω−ω0 = 0) and the re-
combination rate is zero (Γ1 = 0). The second assump-
tion is known to be valid since the recombination rate
is much slower than the other damping processes. The
photoconductivity is taken to be equal to 1−ρ11(t) since
the 2p+ state lies within the conduction band and all
electrons excited out of the ground state are expected to
arrive in the conduction band within our probing window.
The solid lines in Fig. 3 show the results of the fits. The
fit to the σ+ data yields the values γ2 = 1.98 × 10
11 s−1
and γ3 = 1.22 × 10
11 s−1. These values correspond to a
dephasing time of 5 ps and ionization time of 8 ps. Con-
siderably longer dephasing and ionization times were re-
ported by Cole, et al.14 for illumination with lower inten-
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FIG. 3: Photoconductivity versus pulse width using different
polarizations. The illumination frequency is 84.5 cm−1 (2.54
THz) and the magnetic field is 3.62 T. The solid lines are fits
to the data using the model described in the text.
sities of THz radiation. The longer damping time arises
because the dominant damping process is associated with
coupling to the conduction band states, as described by
Brandi, et al.19. Lower intensities result in slower excita-
tion to the conduction band and thus slower contribution
of this extrinsic damping.
In summary, the selection rules for hydrogenic transi-
tions in n-GaAs have been verified by monitoring the
photocurrent, which is generated by ionization of the
bound excited state population, as a function of incident
polarization. These selection rules can be used to deter-
mine the required electric fields in the design of a THz
cavity to couple hydrogenic states of different donors. A
THz photonic cavity, which is significantly larger than an
equivalent visible-frequency cavity, would facilitate spa-
tial addressing of individual donors in a quantum infor-
mation processing scheme6.
Using short, intense pulses of THz radiation polar-
ized in compliance with the selection rules, Rabi oscil-
lations were driven between orbital energy states. The
absence of a Rabi oscillation when illuminating with
high-intensity but incorrectly-polarized radiation demon-
strates a selective state manipulation. Polarized radia-
tion that coupled specific states was used by Li, et al.
to demonstrate a quantum logic gate using excitons in
a single quantum dot.12 The selective coherent manipu-
lation presented in this work is a first step toward the
implementation of more complex quantum logic opera-
tions using donor-bound electrons.
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